Herpesvirus-transformed cell lines were examined for plasminogen activator (PA) activity using a quantitative assay. Previous results of cold fibrin overlay assays indicated that herpesvirus-transformed hamster cell lines produce fibrinolytic activity. Quantification of this activity involved the use of an l~I-fibrin lysis assay in which medium previously incubated with transformed or normal cells was tested for its ability to lyse 125I-fibrin polymers. This assay indicated an enhanced production of plasminogen-dependent fibrinolytic activity by transformed hamster cells compared to hamster embryo fibroblasts. The kinetics of secretion failed to reveal a significant difference in plasminogen activator activity in cells transformed by either herpes simplex virus types I or 2 (HSV-I or HSV-2); however, transformed cells exhibited a significant increase in activity over non-transformed cells. Further characterization of PA activity associated with cells transformed by HSV-I or HSV-2 has revealed that the protease is secreted and can function extraceltularly. Extracellular PA activity produced by HSV-transformed cells is detected more efficiently than the cell-associated enzyme. Extracellular PA can be induced in two different species of cells by infection with partially inactivated HSV-2. Lytic infection of human embryo lung cells by HSV-2 strain 333 did not enhance activity, but infection of these cells with virus inactivated by u.v. irradiation resulted in increased PA levels from the cells. Increased enzyme levels were also detected in hamster embryo fibroblasts infected with partially inactivated virus. Further investigation of this enzyme function may determine whether increased levels of protease will indicate oncogenic transformation in vitro by herpesviruses.
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INTRODUCTION
Plasminogen activators (PA) have been identified as serine proteases that function in the conversion of plasminogen to th e fibrinolytic enzyme plasmin (Unkeless et al. I974) . It has been speculated that increased production of PA may account for the increased proteolytic activities associated with some malignant tumours (Quigley, 1976) . This specific proteolytic function is suspected of playing a role in the establishment of tumours and in their ability to infiltrate both surrounding and distant tissues. It has recently been shown that a protease activity was detected on the surface of HSV-infected lymphobtastoid cells (Dierich et al. I979) . This activity may be associated with the PA activity we have assessed.
Fibroblast cultures transformed to malignancy by chemical carcinogens or oncogenic viruses exhibit increased levels of plasminogen activator activity (Ossowski et al. 1973) . Cells transformed by adenovirus, Rous sarcoma virus and simian virus 40 (SV4o) have been shown to contain greater amounts of this enzyme activity (Ossowski et al. I973 ; Gallimore et aL I977).
Assays to determine tysis of cold fibrin overlays as a method to detect PA production have shown that established Syrian hamster embryo fibroblast cell lines transformed by herpes simplex virus types I or 2 (HSV-~ or HSV-2) or by cytomegalovirus will lyse fibrin more rapidly than normal hamster embryo fibroblast (HEF) cells (Howett et al. I978) . The levels of PA from HSV lytically infected and transformed cells were examined quantitatively in this paper. Quantification of PA production indicates the level of enzyme secretion and may allow correlation of enhanced secretion with biological parameters. A standard quantitative assay was used for the detection of PA activity. It involves the liberation of 125I-labelled fibrin by plasmin (Unkeless et al. i973) . Thus, this assay provided an indirect means for detecting increased amounts of PA.
Although stimulated macrophages, certain Syrian hamster melanoma cell lines (Rosenthal et al. I978) and SV4o-transformed mouse cells (Chou et al. ~977) have been shown to produce extracellular enzyme, protease detection assays commonly assess cell-bound PA and the enzyme is generally purified from cell membrane fractions (Christman et al. I975 ). Christman and co-workers (t975) reported that PA activity produced by SV4o-transformed hamster cells is not associated with the cell membrane and is thought to function extracellularly. We therefore expected the PA induced in HSV-transformed hamster cells to exhibit the same cell-associated properties regardless of the transforming agent.
The PA activity produced by HSV-transformed cells appears to be secreted and can function as an extracellular protease. Additionally, detection of extracellular PA is a more sensitive assay in our hands. The amount of extracellular PA produced by the transformed cells appears to exceed that secreted by normal control cells. We were also able to demonstrate induction and secretion of the enzyme from two different normal cell lines utilizing partially inactivated HSV-2 strain 333.
METHODS
Cell cultures. Hamster cell lines transformed by HSV-2 strain 333 (333-8-9 and 333-2-26) and cell lines transformed by HSV-I (I4OIZ-8-I), as well as a turnour cell line derived from HSV-I -transformed cells (I 4o I g-8 -I T I o), were u seal. All of the vi ru s-transformed cells were maintained in medium I99 containing Io ~ foetal calf serum (FCS), Io ~ tryptose phosphate broth, o.225 ~ bicarbonate and antibiotics (either 50#g/ml of chlorotetracycline or 5/zg/ml of gentamicin).
Primary HEF, normal hamster lung and human embryo lung (HEL) cells were used as controls. Hamster cells were maintained in medium I99 and HEL cells in Ham's medium; all maintenance media contained Io ~ FCS, o.225 ~o bicarbonate, 25/zg/ml of streptomycin and 25 units/ml of penicillin.
Preparation ofplasminogen-depleted dog serum. Normal dog serum was prepared from fresh dog blood. Plasminogen-depleted dog serum was prepared according to a modified procedure of Deutsch & Mertz 0970) by mixing dog serum with two consecutive aliquots of lysine-Sepharose 4 B (Pharmacia Fine Chemicals, Piscataway, N.J., U.S.A.).
Preparation of acM-treated FCS. FCS was treated with concentrated HC1 and kept at room temperature for 3 h at pH 3-The pH was then raised to 7 with NaOH before addition to culture medium.
Source of virus. HSV-2 strain 333 virus stocks were grown in Flow 5oo0 cells as previously described (Rapp & Turner, I978) . Mock infecting fluid was also prepared from Flow 5ooo cells.
HSV-e inactivation. HSV-2 strain 333 was inactivated by irradiation with u.v. light at an intensity of 46 ergs/mmZ/s for varying lengths of time (Duff & Rapp, ~ 97I, 1973 )-H EL cells were infected with I p.f.u./cell for 1 h at 37 °C; HEF cells were infected with 3 p.f.u./cell HS V-associated plasminogen activator lO 3
for I h at 37 °C. The virus titre was calculated according to the titre prior to irradiation. The infected cells were then washed with tris buffer, re-fed medium and incubated at 37 °C for 24 h. The type of serum in the medium used to re-feed cells depended on whether the PA assay was to assess cell-associated PA, in which case the medium contained IO ~ dog serum or IO ~ acid-treated FCS, or to assess extracellular PA, in which case the medium contained IO ~ FCS during the first z 4 h p.i. and the cells were washed well before they were re-fed medium containing no serum. Preparation ofl25I=t~brin lysis assay. 125I-fibrinogen was prepared according to the method of Helkamp et al. (196o) . a25I-fibrin-coated plates were prepared as described by Unkeless et al. (I973) . Briefly, l~SI-fibrinogen was diluted with phosphate-buffered saline containing cold fibrinogen and was pipetted into plastic dishes (1o ~ ct/min/plate) and spread evenly over the surface. After the mixture was dried, the plates were exposed to u.v. light for 3o min to minimize contamination. The plates were then incubated at 37 °C with medium containing serum as a source of thrombin so that the fibrinogen was enzymically converted to fibrin. After incubation at 37 °C the medium was removed and the plates washed thoroughly to remove any remaining free 125I-fibrinogen. Medium samples being tested for PA activity were then added to the plates.
Detection of cell-associated PA activity. Cells were seeded into 6o mm plastic Petri dishes 4 to 7 days before assay and washed twice with tris buffer before the addition of medium I99 containing either IO ~ dog serum or IO ~ acid-treated FCS, penicillin (25 units/ml), streptomycin (25 #g/ml) and 0.225 ~oo sodium bicarbonate. After incubation at 37 °C with the cells, the medium was transferred to duplicate plates containing x25I-fibrin clots. (The cells were trypsinized and counted by the trypan blue exclusion method so that the activities could be expressed with respect to the numbers of ceils.) After incubation at 37 °C with the radioactive fibrin (which is described for individual experiments), the medium was transferred to scintillation vials and the radioactivity was determined by a gamma counter.
Detection ofextracellular PA activity. As before, cells were seeded 4 to 7 days prior to the assay. After harvest, the ceils were first washed thoroughly with tris buffer, then incubated with medium without a plasminogen source for 30 rain at 37 °C. After removal from the cells, the medium was centrifuged and plasminogen was added so that extracellular PA would convert the plasminogen to plasmin. The samples were then transferred to and allowed to lyse 125I-fibrin clots. (The cells were trypsinized and counted by the trypan blue exclusion method.)
RESULTS

PA association with HSV-transformed cells using dog serum as a source of plasminogen
This laboratory has previously detected a plasminogen-dependent fibrinolytic activity associated with cells transformed by certain herpesviruses and a quantitative comparison between the PA activity of the transformed and normal cells was required. Medium that had been incubated with normal or transformed cells was therefore tested for its ability to liberate 125I-fibrin monomers from an 125I-fibrin layer that had been dried on to a plastic dish. When near confluent dishes of cells were washed, incubated with medium containing dog serum for 24 h and the medium subsequently assayed for I2 h on the 125I-fibrin plates, increased amounts of PA were produced by transformed cells compared to the normal hamster cell controls. Table I shows the release of 125I-fibrin monomers by medium from HSV-I-and HSV-2-transformed cells under these experimental conditions. As shown in * Cells were exposed to cell culture medium with 3 ~ dog serum for 24 h and medium was tested for ability to lyse a 12sI-fibrin clot. Lysis was carried out for 12 h. Values represent averages + the standard deviation of six to eight determinations for each sample. All values were corrected to represent medium from IO ~ cells.
t N.D. = not done. :~ These data represent l~sI-fibrin released by medium not exposed to cells.
significant difference in the PA activity produced by HSV-z-transformed cells (333-2-16), HSV-t-transformed cells (I4or 2-8-t) and an HSV-i-transformed tumour cell line (I4OI2-8-t TIo). All three showed enhanced levels of activity (approx. a fourfold increase) compared to the activity produced by the HEF cells. The absolute number of ct/min of x2nI-fibrin released by the medium samples incubated with control or transformed cells was slightly variable from experiment to experiment due to differences in specific activities of the iodinated protein: In this and all subsequent experiments, the counts released by transformed cells were compared to the counts released by normal cells from the same experiment. The release of 12~I-fibrin by medium from the transformed cells was shown to be plasminogendependent if plasminogen-depleted dog serum was used in this assay (data not shown). This result was compatible with previous work where the ability of the transformed cells to lyse an unlabelled fibrin overlay was also plasminogen dependent (Howett et al. I978) .
PA detection in medium containing acid-treated FCS as a plasminogen source
Recent reports suggest that acid-treated FCS is a good source of plasminogen since acid treatment destroys non-specific protease inhibitors normally present in FCS (Wilson & Reich, I979) . Therefore, experiments were also carried out to detect fibrinolysis by medium samples that contained IO ~ acid-treated FCS and that had been incubated with cells. HEF and 333-8-9 cells were seeded into 6o mm plates in normal growth medium. Four days later the medium was removed, the cells were washed two or three times with PBS and medium I99 containing IO ~ acid-treated FCS was added. Medium samples were removed from normal or transformed cells after 6, 24 and 48 h of incubation.
The ability of these medium samples to lyse 125I-fibrin is shown in Fig. I which gives data for multiple times of fibrinolysis, e.g. the release of l~SI-fibrin by the medium sample incubated with 333-8-9 cells for 6 h is given ~, 2, 4, 7 and 24 h after placing the medium on to the dried l~sI-fibrin layer. This indicates that continuous incubation of transformed cells with plasminogen-containing medium results in increased accumulation of plasmin and that the product of the incubation is capable of lysing fibrin at a linear rate for at least 7 h.
With acid-treated FCS, the amount of plasmin generated in the medium exposed to the HEF cells was extremely small. Medium samples incubated with normal cells were not able to lyse significant amounts of 12nI-fibrin. At the time of addition of medium with acidtreated FCS, HEF and 333-8-9 cultures contained comparable cell numbers. During the 48 h of this experiment, the number of 333-8-9 cells increased at a greater rate than the * Medium alone was incubated with cells for 30 min at 37 °C, removed, certtrifuged and incubated with plasminogen (IOO #g/ml) for 3o rain. Medium was then assayed for fibrinolytic activity on l~%fibrin plates as described.
t Percentages are based on the ct/min of 12~I-fibrin released into Ioo #1 after incubation of I ml samples with l~sI-fibrin monolayers for z h at 37 °C. They are based on the average ct/min of duplicate samples minus the average ct/min lysed by the control samples containing plasminogen divided by the total ct/min of l~H-fibrin released non-specifically by trypsin and multiplied by loo. The values represent the amount of l~I-fibrin released by io 5 cells.
:~ Medium containing plasminogen (4 #g/ml) was assayed directly on the radioactive plates to determine background activity. normal cells. All data in Fig. I , however, are corrected for cell number so that the activity is normalized between the control and transformed cells. Table I Table I a four-to fivefold increase was detected in the medium after incubation with cells for 24 h. As noted by Christman and co-workers (I975) there may be difficulties with this assay since the plasmin generated has an opportunity to adhere to the cell surface. If, however, cells are incubated with serum-free medium, any PA that is secreted as extracellular enzyme will be capable of subsequently converting plasminogen to plasmin, even after removal of the ceils (Christman et al. I975) .
Extracellular secretion of PA by transformed cells
Data in
Taking advantage of this fact, our assay was altered so that extracellular PA was obtained in serum-free medium samples and subsequently allowed to generate plasmin. Serum-free medium was incubated with HEF, normal hamster lung or transformed cells for 3o min at 37 °C. Medium was removed from the cells and an excess of purified bovine plasminogen (Ioo/zg/ml) was added to the medium for 30 additional rain. Samples that contained newly generated plasmin were then incubated with x~5I-fibrin layers. Table 2 shows that the PA activities associated with the transformed cell lines were much greater than the activity associated with either HEF or normal hamster lung cells. In this experiment, data are expressed using the formula:
( ct/min x~aI-fibrin ) ( ct/min 12sI-fibrin released by experimental -released by medium not exposed] sample to cells ] × I00.
ct/min x25I-fibrin ) released after total lysis by trypsin This method expresses the data as a percentage value of the maximum l~5I-fibrin lysis and also corrects for non-specific release of 125I-fibrin by medium not exposed to cells. It should be noted that the extracellular PA activity detected after only 3o min of incubation of medium with transformed cells was sufficient to demonstrate secretion of increased amounts of activator compared to normal cells. These cell samples, after addition of plasminogen, lysed measurable counts of 125I-fibrin after only 2 h of incubation with dried 125I-fibrin layers. It is important ~0 state that data comparing the fibrinolytic capacity of medium from normal and transformed cells must be compared during the linear phase of lysis of 125I-fibrin, i.e. sometime before maximum lysis (see Fig. 1 ). All of our experimental data comply with this situation, although the time courses of lysis are not presented for every experiment.
Induction of PA in normal cells by partially inactivated (u.v.-irradiated) HSV
Since it appeared that PA activity was associated with the HSV-transformed cells, we wanted to determine whether it was an event expressed early in transformation. It has previously been shown that u.v.-irradiated HSV-2 can morphologically transform HEF cells to lines capable of causing tumours when inoculated into syngeneic newborn hamsters (Duff & Rapp, i97!, I973) . In several separate experiments, the induction of PA activity by infection with partially inactivated virus of both human and hamster cells was tested. In our first experiments, HEL cells were seeded into normal growth medium and on day 4 replicate cultures were infected with mock infecting fluid or I p.f.u./cell of HSV-2 that had been u.v.-irradiated for Varying lengths of time. After adsorption of virus for I h, the cultures were re-fed medium containing I Q ~ dog serum as a plasminogen source and 24 h later this medium was removed and tested for ability to lyse an a25I-fibrin clot. The values for 2 h of fibrinolysis are seen in Table 3 . It can be seen that after about 6 min of u.v. exposure there was a signifcant increase in fibrinolysis by infected-cell medium when compared to that seen with medium from the mock-infected cells..Medium from lytically infected cells lysed less fibrin than the medium from mock-infected cells. This may be due to shut-off of host protein synthesis by the lyric virus infection. 5084 ___ 3o'4 6-rain irradiated HSV-z 813o ± 18"3 8-rain irradiated HSV-z 5818 ± 33"9 * Cells were infected at an m.o.i, of I p.f.u./cell, calculated before irradiation. t Medium containing to % dog serum exposed to infected cells for 24 la was tested for ability to lyse an azsI-fibrin clot for 2 h. The values represent ct/min of l~sI-fibrin released into mo #1 of medium. Each value represents the average± the standard deviation of four determinations and was corrected to represent Io 5 cells.
:1: Mock-infected cells yielded medium with the same level of activity regardless of whether cells were mock-infected with medium alone or with a frozen and thawed mock-cell lysate. The previous experiment measured cell-associated PA activity and used dog serum as a plasminogen source. Using these conditions, attempts were made to detect cell-associated PA activity in HEF cells infected with partially inactivated HSV-2. It was not possible to demonstrate reliably increases of cell-associated PA activity after infection of HEF cells with u.v.-irradiated virus in the system (data not shown).
It was possible, however, to demonstrate HSV-2 induction of PA activity in HEF cells when acid-treated FCS or purified bovine plasminogen was used as a plasminogen source. In experiments to measure cell-associated PA activity, HEF cells were again infected with mock infecting fluid, or 3 p.f.u./cell of virus irradiated with u.v. light for various lengths of time at an intensity of 46 ergs/mm2/s. Virus was allowed to absorb for I h at 37 °C and the cells were then washed, and re-fed medium containing IO ~ acid-treated FCS. At 24 h p.i., medium was removed and tested in the 125I-fibrin lysis assay (Table 4 ). These results demonstrate that cell-associated PA activity was induced after infection of HEF ceils with 3 p.f.u./cell of virus irradiated with u.v. light for IO min.
This same result was obtained in a separate experiment that measured the amount of extracellular PA secreted by HEF cells after infection with u.v.-inactivated HSV-z strain 333. The results in Table 5 indicate that the levels of extracellular PA activity also increased at 14 h p.i., when the cell samples were washed and plasminogen-free medium was added for 3o min and then removed. Purified bovine plasminogen (IOO #g/ml) was added and these medium samples were then tested for fibrinolysis in our standard assay. Lysis was allowed t Medium samples were incubated with 125I-fibrin for 24 h. The percentage of fibrinolysis is based on the calculation described in the footnote of Table 3 .
:~ Values are absent since there were no viable cells remaining I week after infection with virus irradiated for o, 2 and 4 rain.
to occur in this experiment for 24 h. This is further evidence that PA activity is induced early after infection by partially inactivated HSV-2. Table 5 also shows the results obtained after PA activity was assayed at i week p.i. with partially inactivated HSV-2. Results of the extracellular enzyme activity detected from the hamster cells 2 4 h p.i. are compared to enzyme activities detected I week p.i. Assays performed on days I and 7 show that enzyme activity increased in cells infected with virus irradiated for IO, 8 or 6 min. This increase in PA activity may reflect increases in transformants in these cell populations. It should be noted that cell populations infected with live virus or cells exposed to virus irradiated for z to 4 min showed increased cytopathology within 2 to 4 days p.i., so that at i week p.i. there were no viable cells, as determined by trypan blue exclusion.
DISCUSSION
The results presented in this paper indicate that there was a significantly higher amount of PA associated with HSV-transformed cells than with normal control cells. The data also indicate that the protease was secreted by the cells into the incubation medium and that it retained the capacity to activate plasminogen. The extracellular enzyme activity detected is more likely to be proportional to the total amount of PA produced by the cells since the plasmin was generated after the medium samples were removed from the cells. In the cellassociated PA detection assay, plasmin may adsorb to the cell surface and the amount of 125I-fibrin lysed by the medium sample may not reflect the total amount of PA produced by the cells.
There did not appear to be any difference in the amount of PA activity associated with cell lines transformed by HSV-I or HSV-2. Although the tumour cell line tested for PA production was derived from an HSV-transformed cell line, it did not possess higher fibrinolytic activity than the HSV-transformed cells passaged only in vitro. However, the tumour cell line had been passed in cell culture many times before being tested in the xzsI-fibrin assay. Syngeneic laboratory animals have been inoculated with suspensions of the transformed cells so that fresh tumour tissue will be available for quantitative PA analysis.
PA activity is associated with a variety of transformed cells and associated transiently with certain normal cells such as activated macrophages, stimulated ovarian granulosa cells and trophoblasts (Strickland et al. t976) . Thus, the activity may be the result of a host cell function not normally expressed in great quantity, if at all. The fact that medium incubated with uninfected hamster cells did not release a substantial number of counts after a long incubation time with 125I-fibrin may indicate that either no enzyme was present or that the enzyme responsible for low-level release was not stable. Medium from uninfected HEL cells, however, did cause substantial fibrinolysis. The increased level of enzyme activity in transformed and/or infected cells may be explained by the induction of a new PA and/or increased levels or stability of an already existing enzyme (Ossowski et al. I973; Quigley, I976) . Further characterization of the enzyme activity may reveal one of these possibilities. U.v. irradiation of HSV has been shown to inactivate the lytic functions of the virus while enhancing transforming potential. As the results indicate, HEL and HEF cells showed enhanced PA secretion when infected with irradiated virus, whereas lytically infected cells did not exhibit this enhanced activity. The apparent depression of PA by lyric HSV infection may be due to shut-off of host functions by the virus since depression of host protein synthesis by HSV-I and HSV-2 infection is a well established result of virus cytopathology.
PA assays may provide a method to detect HSV transformation if this specific enzyme activity can be consistently associated with transformed foci. Elucidation of the biological role of PA with regard to HSV-transformation may then follow.
